In this paper, a finite element method is applied to study the friction-induced vibration characteristics of a reciprocating sliding system. Finite element results are compared with vibration frequencies from an experimental test and are found to have a good agreement. Numerical results show that vibration modes corresponding to test squeals have the feature characteristic of vibration coupling in the normal and friction directions.
Introduction
Car brake actions often generate unwanted vibration and noise. Squeal, a brake noise whose frequency lies between 500 and 16 000 Hz, is very annoying and difficult to remedy. Several mechanisms of squeal formation have been understood or put forward in the literature. They are: stick-slip, sprag-slip, negative friction-velocity slope, modal coupling, splitting the doublet modes and hammering mechanisms [1] . Some methods are taken to eliminate squeal, for example, use of vibration shims between the backing pads and calipers, chamfering and/or slotting of the pads of friction material, sanding the surfaces of brake rotors [1] . However, some mechanisms still remain unknown and squeal still occurs at times. Instead of a full-size brake system, a reciprocating sliding system is applied to study squeal in this paper. This test system can minimize the heat effect on squeal.
Finite element methods are a powerful tool available for studying mechanisms behind squeal [2, 3] . In the paper, a full-size 3-dimensional solid model of a reciprocating sliding system is established. This model is meshed to carry out a finite element analysis of friction-induced vibration characteristics. A reciprocating sliding test is also performed to obtain squeal signals. Numerical results are compared with experimentally acquired data.
The reciprocating sliding system and its finite element model
A reciprocating sliding system studied in this paper consists of a stress-strain load cell, a carrier to which a flat specimen is adhered, a specimen ball and a frame used for fastening the ball, as shown in Fig. 1 . The load cell is mounted on a beam of a hydraulic materials test machine. The flat specimen is brought into contact with the ball specimen at normal forces of 100 and 150 N. The frame is attached on the actuator of the test machine. The ball specimen is subject to a reciprocating motion of sine waveform together with the actuator to rub against the flat specimen. The frequencies of 1-5 Hz and displacement amplitudes of 1-3 mm were adopted in the test. During testing, 3 dimensional vibration accelerations were measured in the presence of squeal. 12-16, 2005, Washington, D.C., USA 
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the applied test system. A finite element analysis is performed using software Algor.
Numerical and experimental results
In the modal analysis of the finite element model, the contact between the flat and ball specimens is set to the bond type. First ten natural frequencies of the reciprocating sliding system are calculated. The result is presented in Table 1 . In Table 1 , the experimental test data are also given. These test data are acquired through a Power Spectrum analysis of the vibration signals associated with test squeals. In comparison with the experimental data, numerical results are found to have a good agreement from Table 1 . In addition to natural frequencies, vibration modes are also important to the vibration characteristics of a system [4] . In this paper, the vibration modes of the test system are examined. The numerical results show that some modes have the feature characteristic of vibration coupling in the normal and friction directions and some do not. Fig. 2(a) (a) Test system 1 (b) Test system 2 Fig. 2 Vibration coupling modes of the test systems shows the third vibration mode. This mode has the vibration coupling characteristic. In order to verify the conclusion that the vibration modes corresponding to test squeals all have vibration coupling characteristics, an alternative test system is applied as shown in Fig.2(b) . From Fig. 2(b) , it is found that this vibration mode still has the vibration coupling characteristic.
The vibration coupling can also be seen from the measured vibration acceleration signals. Fig. 3 shows a Power Spectrum analysis result of accelerations in X, Y and Z directions. From Fig. 3 , it is seen that the vibrations in X, Y and Z directions are coupled. 
Remarks
The present finite element result shows that vibration mode corresponding to a test squeal has the vibration coupling characteristic. Of course, the contact model used in this paper needs to be improved to be able to more accurately simulate practice conditions. Further work is being done.
